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PD-1 signaling modulates interferon-γ production by Gamma Delta (γδ) T-Cells in
response to leukemia
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ABSTRACT
Gamma delta (γδ) T-cell based immunotherapy is a promising concept for the treatment of hemato-
logic malignancies. Not only in vitro but also in early phase clinical trials, zoledronic acid (Zol) and
interleukin-2 (IL-2) have been successfully used to activate human γδ T-cells and to induce clinical
anti-tumor effects. Aiming to improve the effectiveness of future γδ T-cell based immunotherapies
against leukemia, we analyzed the impact of programmed cell death protein 1 (PD-1) signaling, on the
different phases of γδ T-cell activation, of proliferation, production of anti-tumor cytokines and
cytotoxic function in vitro.

PD-1 expression was found significantly upregulated between day 2 and day 4 following stimulation
with Zol and IL-2. However, proliferation or expression of activation markers of γδ, αβ and NK-cells are
not altered by additional PD-1 blockade. Pembrolizumab increases interferon-γ (IFN-γ) production in γδ
T-cells upon direct stimulation with Zol and in response to Zol treated primary acute myeloid leukemia
(AML) cells by approximately 57% and 30%, respectively. Zol sensitized primary AML cells also induce
PD-1 expression in co-cultured γδ T-cells and such PD-1(+) cells contain more IFN-γ. In contrast, PD-1
blockade does not have a significant effect on direct cell dependent lysis of leukemia cells by γδ T-cells.

This study demonstrates that PD-1 blockade impacts cell dependent cytotoxicity and cytokine
production in response to leukemia cells differently. While Pembrolizumab did not increase cell lysis
of stimulated and expanded γδ T-cells, it induces significant upregulation of the potent pro-inflamma-
tory and anti-tumor cytokine IFN-γ, which might facilitate anti-leukemia effects.
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Introduction

Despite considerable progress in treating hematological
malignancies, innovative anti-cancer strategies are still war-
ranted for acute myeloid leukemia (AML). The current clin-
ical protocols are toxic and AML retains a high treatment and
disease associated mortality, especially in the elderly.1 In this
regard, enhancement of the potent anti-cancer mechanisms of
γδ T-cells is a promising experimental concept for patients
with hematological malignancies. Unconventional target sen-
sing capabilities, strong anti-tumor effector mechanisms and a
lack of graft versus-host reactivity, make γδ T-cell based
strategies an attractive alternative type of cancer immunother-
apy. Specific antigen receptor characteristic enable γδ T-cells
to recognize alterations in expression or structural changes of
evolutionary conserved self-molecules on a variety of target
cells they might encounter. Some of these molecules become
altered during cellular stress, infection and malignant trans-
formation and induce activation and effector responses by γδ
T-cells. Several studies indicate that γδ T-cells infiltration of
different types of cancers inhibits tumor growth, metastasis
and positively impacts prognosis. Especially the most abun-
dant subset of γδ T-cells in the human blood, the Vγ9Vδ2 T-
cells exhibit broad tumor specific cytotoxic function in vitro,
in animal models and had beneficial clinical effects, particular

in patients with hematological malignancies. Despite all these
promising findings, the therapeutic efficacy of previous clin-
ical protocols was only modest.2

Recently, the therapeutic blockade of immune-checkpoint
molecules proved beneficial in several types of cancer, espe-
cially in melanoma, non-small cell lung cancer and Hodgkin´s
lymphoma. However, it remains uncertain which patient or
disease specific factor determine clinical efficacy and neither
PD-1, programmed cell death ligand (PD-L) 1, nor cytotoxic
T-lymphocyte-associated protein 4 (CTLA-4) blockade
demonstrated relevant anti-leukemia activity so far.3 PD-1 as
a key inhibitory receptor on immune cells, controls inflam-
mation and induces immunosuppression in cancer.4

Checkpoint inhibitor therapy was found to stimulate T-cell
activation and function, but little is known regarding its
impact on γδ T-cells anti-leukemia activity. In theory, γδ
T-cells effects against cancer might be limited by the PD-1
signaling and therefore combining therapeutic PD-1/PD-L1
blockade with γδ T-cell therapy could prove beneficial and
overcome resistance against each individual treatment strat-
egy. It is also interesting that the known PD-Ls are members
of the B7 family of proteins and therefore related to butyr-
ophilin-3 (BTN3 or CD277), an essential protein for activa-
tion of Vγ9Vδ2 T-cells, via direct and indirect stimulation by
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phosphoantigens (PAg).2 It has been previously demonstrated
that γδ T-cells express PD-1 molecules,5 which may control
proliferation6 and the production of anti-tumor cytokines.7

Beside this, the physiological implications of inhibitory recep-
tors, especially PD-1/PD-Ls for γδ T-cells biology are not well
defined. Therefore, in this study we investigated the impact of
the PD-1/PD-L axis on the different phases of γδ- T cell
activation, proliferation, as well as the production of anti-
tumor cytokines and cytotoxic function against leukemia.

Results

PD-1 expression by immune cells

First we examined the kinetics of PD-1 and the PD-1 ligands
(PD-L1/2) expressed by γδ T-cells, αβ T-cells and NK-cells
derived from human peripheral blood. Isolated peripheral
blood mononuclear cells (PBMC) were cultured and either
left unstimulated or treated with IL-2, Zol or Zol + IL-2. In
the analyzed populations, PD-1 on γδ T-cells and αβ T-cells
and PD-L1 on γδ T-cells depicted a recognizable time and
stimulation dependent alteration in expression pattern
(Figure 1). NK cells did not demonstrate any significant change
in expression of PD-1 or PD-L1 during culture and PD-L2 was
not expressed on any of the examined immune cell subsets
(Figure S1). Stimulation with Zol and even more pronounced
with Zol + IL-2 induced an increase in PD-1 expression
between day 2 and day 4 on γδ T-cells. Sole IL-2 stimulation
induced a significant increase in PD-1 expression on αβ T-cells
between day 7 and day 9, compared to unstimulated control.
This was also implied for γδ T-cells but did not reach a statis-
tical significant level. Both γδ T-cells and αβ T-cells depicted a
slow but continuous rise in PD-1 levels during unstimulated
culture over time. Treatment with Zol or Zol and IL-2 inhibited
this upregulation in αβ T-cells, but not in γδ T-cells. Analyzing
the data according to the fraction of PD-1(+) cells instead of
ΔMFI resulted in very similar depiction (Figure 1(a)). In con-
trast, there were no discernible changes according to PD-L1
ΔMFI but a significant increase in the fraction of PD-L1(+) γδ
T-cell between day 2 and day 4 in Zol + IL-2 stimulated PBMC
and on day 2 in sole Zol stimulated cells (Figure 1(b)).

Cell proliferation and expression of activation markers

Zol strongly and specifically stimulates PAg sensing
Vγ9Vδ2 T-cells and IL-2 is an important growth, survival
and activation factor for T-cells and NK-cells.2,8 As we
found PD-1 upregulated during Zol and IL-2 stimulation by
γδ T-cells and αβ T-cells, we measured the effects of addi-
tional treatment with Pembrolizumab on immune cell prolif-
eration and the expression of activation markers under
different stimulatory conditions. We observed only a trend
towards higher proliferation in Zol stimulated PBMC with
additional Pembrolizumab compared to isotype control but
no statistically significant difference (Figure 2). Analyzing
stimulation dependent changes in the expression of the acti-
vation markers CD69 and HLA-DR by γδ T-cells, we found
that both become upregulated by IL2, Zol and Zol + IL-2
compared to unstimulated control. Pembrolizumab compared

to isotype treatment does not alter the expression of activation
markers on γδ T-cells (Figure 3), αβ T-cells or NK-cells
(Figure S2) under any of the used stimulatory conditions.
Viability of PBMC was consistently > 92% and not changed
by stimulation or antibody treatment (data not shown).

Effect of pembrolizumab on release of pro-inflammatory
cytokines

The release of three different pro-inflammatory cytokines
(IFN-γ, IL-2 and TNF-α) into the cell supernatants of both
Zol as well as unstimulated PBMC cultures, with either iso-
type control antibody or Pembrolizumab, was measured at an
early and later time-point. As expected, Zol induced a tran-
sient release of large quantities of IFN-γ which accumulates in
the supernatant over time. However, owing to a marked inter-
donor variability in cytokine production, there was only a
tendency towards higher release of IFN-γ. The release of IL-
2 and TNF-α were relatively low compared to IFN-γ and did
not differ between cultures treated with Pembrolizumab or
isotype antibody (Figure S3). As our results indicated a pos-
sible amplification of IFN-γ production following treatment
with Pembrolizumab, we compared the intracytoplasmic pro-
duction of IFN-γ specifically in γδ T-cells stimulated with Zol.
To compensate for high inter-donor variability, IFN-γ pro-
duction was normalized in regard to a control stimulus in
each donor. Pembrolizumab compared to isotype control
antibody boosted the IFN-γ production from 37.3% ± 15.3%
to 58.3% ± 8.4% of a simultaneous control experiment with
Zol + IL-2 stimulation, but did not affect IFN-γ production by
unstimulated γδ T-cells (Figure 4).

Effect of pembrolizumab on the anti-tumor response
towards hematological malignancies

PBMC were co-cultured with untreated, as well as Zol pretreated
leukemia cell lines for 48 h. γδ T-cells, as part of these PBMC,
depicted a significantly increased degranulation and production of
IFN-γ when encountering Zol sensitized cells from leukemia cell
lines (KG-1, THP1 andHL60) (Figure 5(a)). Additional treatment
with Pembrolizumab significantly boosted the IFN-γ production
by γδ T-cells in response to one of the four tested Zol sensitized
cell lines (THP-1), but not in response to any untreated leukemia
cell line (Figure 5(b)). Expression of the degranulation marker
CD107a was not significantly affected by Pembrolizumab.

Similar results could be obtained when PBMC were co-cul-
tured with Zol sensitized primary AML blasts cells instead of
leukemia cell lines (Figure 6). Here, Pembrolizumab significantly
increased the mean IFN-γ production by γδ T-cells by approxi-
mately 30% in response to Zol treated AML cells. No significant
changes could be observed with target cells that were not pre-
viously sensitized with Zol (Figure 6(b)). Additionally, there was
no significant difference in the expression of CD107a. Fitting the
observation regarding the direct stimulation of PBMC, the ratio of
PD-1(+) γδ T-cells was also higher following co-culture of PBMC
with + Zol treated leukemia cells, compared to co-culture with
untreated cells [4.7% ± 2.8% to 55.9% ± 16.6%] (Figure 6(c)).
When PD-1(+) γδ T-cells were compared to PD-1(-) γδ T-cells
they depict increased production of IFN-γ in response to Zol
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Figure 1. Changes in PD-1 receptor and ligand expression following stimulation. Flow cytometry analysis of (a) PD-1 (CD279) expression on 1) IL-2, 2) Zol and 3) Zol
+ IL-2 stimulated PBMC compared to unstimulated PBMC and gated on γδ T-cells or αβ T-cells. (b) PD-L1 (CD274) expression on 1) IL-2, 2) Zol and 3) Zol+ IL-2
stimulated PBMC compared to unstimulated PBMC and gated on γδ T-cells. Data of 5 independent experiments are presented as mean of the Δ-MFI [(MFI(PD-1/-L1)
minus MFI(isotype)] ± SEM (upper row) or as fraction of PD-1/-L1 positive cells (lower row) in the respective subset, * = P < .05 compared to unstimulated control.
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treated AML cells (Figure 6(d)). We did not find any correlation
between the expression of PD-L1/2 on unstimulated or Zol sti-
mulated target cells (and the extent of IFN-γ production by γδ
T-cells) (Figure S4).

Zol treatment has a variable impact on cellular cytotoxicity
of γδ T-cells enriched PBMC against leukemia cell lines and
primary AML. While some cell lines become strongly sensi-
tized and depict high specific lysis others do not respond well

Figure 2. Proliferation of immune cells. Cell concentrations of different immune cell subpopulations (γδ T-cells, αβ T-cells and NK-cells) were determined by flow
cytometry analysis. The four graphs depict different types of stimulation and compare additional stimulation without isotype control antibody and Pembrolizumab
(both at 10 µg/ml) each on d2 and d7. All data are presented as mean + SEM of 4 independent experiments.

Figure 3. Expression of activation markers. Flow cytometry analysis of activation markers CD69 and HLA-DR on 1) unstimulated, 2) + IL-2, 3) + Zol and 4) + Zol + IL-2
stimulated PBMC with Isotype antibody or Pembrolizumab gated on γδ T-cells. All data are presented as mean + SEM of 4 independent experiments.
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Figure 4. IFN-γ production of γδ T-cells in response to stimulation of PBMC. Normalized cyIFN-γ production of γδ T-cells from flow cytometry analysis of (a)
unstimulated and (b) Zol stimulated PBMC after 48h with either isotype control antibody or Pembrolizumab (both 1 µg/ml). For the purpose of normalization, each
MFI of the cytoplasmic interferon-γ (IFN-γ) measurement following Zol stimulation was related to the MFI of cyIFN-γ measurement following Zol + IL-2 stimulation
obtained from the same donor in the same experiment: 100% cyIFN-γ production: MFI(X)/MFI(control) *100. All data are presented as mean ± SEM of 5 independent
experiments. * = P < .05.

a

b

Figure 5. IFN-γ production and degranulation of γδ T-cells in response to leukemia cell lines. Flow cytometry analysis of cytoplasmic interferon-γ (IFN-γ) production and
expression of degranulation marker CD107a by γδ T-cells. (a) Comparing co-culture of unstimulated PBMC with different leukemia cell lines (KG-1, THP-1, K562 and HL60)
that were either previously kept unstimulated (unstim.) or sensitized with 10 µM Zol (+ Zol) for 48h. (b) Normalized cyIFN-γ production and expression of CD107a following
co-culture of unstimulated PBMC with either unstimulated or + Zol treated leukemia cell lines (KG-1, THP-1, K562 and HL60) and treatment with either isotype antibody or
Pembrolizumab (both at 10 µg/ml). All used leukemia cell lines were irradiated with 14gy directly before initiation of co-culture to prevent excessive growth and depletion of
medium. For the purpose of normalization, each MFI of the cyIFN-γ or CD107a measurements following co-culture with unstimulated and + Zol cell lines with either isotype
antibody or Pembrolizumab is related to the MFI of cyIFN-γ or CD107a measurement following co-culture with identically stimulated cell lines without antibody (= control)
that were obtained from the same donor in the same experiment. All data are presented as mean + SEM of 3 independent experiments. * = P < .05 comparing (a) response
to co-culture with unstimulated and + Zol sensitized leukemia cell lines, (b) Pembrolizumab and isotype antibody treatment.
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(Figure 7 and S5). Additional treatment with Pembrolizumab
compared to isotype antibody does not have any effect on the
specific lysis against unstimulated or Zol sensitized leukemia
cell lines (Figure 7(a) and S5) or primary AML (Figure 7(b)).

Discussion

Expression kinetics of PD-1 and PD-L1/2 in vitro

Despite the growing clinical importance of checkpoint- inhi-
bitors for cancer therapy our understanding of the associated
cellular and molecular interaction is still insufficient to predict

individual response. Considering the strong correlation
between patient prognosis and tumor infiltration by γδ
T-cells, as well as the significance of PD-1 expression, only
few mechanistic studies have addressed the influence of PD-1
signaling on γδ T-cell biology.2

Initially Iwasaki et al. described the PD-1 expression pat-
tern of human γδ T-cells from peripheral blood following
stimulation with the potent direct PAg (E)-4-Hydroxy-3-
methyl-but-2-enyl pyrophosphate (HM-BPP) in vitro.5

Comparable observations were made using Bromohydrin pyr-
ophosphate (BrHPP),9 isopentenyl pyrophosphate (IPP),10 Zol

a

b

c d

Figure 6. IFN-γ production and degranulation of γδ T-cells in response to primary leukemia cells. Flow cytometry analysis of cytoplasmic interferon-γ (IFN-γ)
production and expression of degranulation marker CD107a by γδ T-cells. (a) Comparing co-culture of unstimulated PBMC with primary AML leukemia cells that were
either kept unstimulated (unstim.) or sensitized with 10 µM Zol (+ Zol) for 48h. (b) Normalized cyIFN-γ production and expression of CD107a following co-culture
with either unstimulated or Zol treated primary AML cells and treatment with either isotype antibody or Pembrolizumab (both at 10 µg/ml). For the purpose of
normalization, each MFI of the cyIFN-γ or CD107a measurements following co-culture with unstimulated and + Zol primary AML with either isotype antibody or
Pembrolizumab is related to the MFI of cyIFN-γ or CD107a measurement following co-culture with identically stimulated primary AML without antibody (= control)
that were obtained from the same donor in the same experiment. (c) Ratio of PD-1 positive γδ T-cells of all PBMC comparing different types of co-culture. (d)
Comparing PD-1 positive and negative γδ T-cells production of cyIFN-γ and expression of CD107a following co-incubation with Zol sensitized primary AML. All data
are presented as mean + SEM of 4–6 independent experiments and primary AMLs. * = P < .05 comparing (a) response to co-culture with unstimulated and Zol
sensitized primary AML, or (b) Pembrolizumab and isotype antibody treatment, (c) co-incubation with either non sensitized or + Zol sensitized primary AML and (d)
PD-1(+) and PD-1(-) cells.
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+ IL-211 and anti-CD3,-CD28 and -CD2 coated activation/
expansion beads for stimulation.12 We observed a similar
pattern of increasing PD-1 expression on γδ T-cells using
Zol stimulation. Additionally, exogenous IL-2 boosted the
effect of Zol. Sole IL-2 stimulation elicited a delayed upregu-
lation in αβ T-cells and was also implied for γδ T-cells
(Figure 1(a)), thus matching earlier reports on PD-1 upregu-
lation by γδ T-cells following treatment with IL-2 without
PAgs.9

Taken together, we find substantial agreement between
several studies examining the PD-1 expression kinetics of
healthy adults γδ T-cells using different types of stimulation
in vitro. It seems that activating γδ T-cells via the T-cell

receptor (TCR), results in a uniform transient upregulation
of PD-1 peaking between day 2 and day 4 and returning to
baseline around day 7. Exogenous IL-2 may promote this
reaction in combination with PAgs but also causes a slower
or delayed reaction when the primary stimulation via the TCR
is missing. Interestingly, treatment with Zol and Zol + IL-2
inhibited the upregulation of PD-1 in αβ T-cells compared to
unstimulated culture conditions at later time points.

PD-L1 upregulation can be triggered by the early pro-
inflammatory cytokine IFN-γ, for example in monocytes
but also in cancer cells.7,13,14 In T-cells upregulating PD-
L1 has been implicated to protect γδ T-cells from
fratricide.5 We did not detect changes in PD-L1 MFI

a

b

Figure 7. Cellular cytotoxicity against primary AML and leukemia cell lines. Target cells (a) leukemia cell lines (K563, THP-1 and KG-1) and (b) primary AML blasts were
incubated in triplicates with stimulated PBMC containing > 80% γδ T-cells in different effector to target ratios (E:T). Target cell specific lysis was measured using a
flow cytometry-based cellular cytotoxicity assay based on target cell labeling with PKH stain and nucleic acid-specific To-Pro-3 iodide stain. Specific cytotoxicity was
calculated as: (TO-PRO-3(+) target cell co-incubated with effector cells minus TO-PRO-3(+) target cell without effector cells)/(100 minus TO-PRO-3(+) target cells
without effector cells). All data are presented as mean ± SEM of 4–7 independent experiments.
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following stimulation, but the fraction of PD-L1 positive
cells increased significantly (Figure 1(b)). Temporary
induction of PD-L1 according to MFI on Vδ2 T-cells has
been described using different stimuli5,12 but others
reported difficulties tracking PD-L1 due to weak staining
by individual antibody clones.7 We found that the analyz-
ing PD-1 or PD-L1 expression patterns according to either
MFI or percentage of marker positive cells may lead to
different results and could explain divergent earlier reports.
It needs to be considered that changes in MFI describe the
mean of the entire analyzed subset but within a given
subset the expression can be distributed heterogeneously.
Additionally, if a marker is expressed weakly the definition
of a positive/negative cut-off value may be ambiguous. In
accordance with earlier reports we did not find significant
changes in expression of PD-L2 on any of the examined
immune cell subsets (Figure S1B).

Expression of PD-1 by γδ T-cells in health and disease

Studies analyzing the immune cell repertoire in healthy adults
found that PD-1 expression is higher in Vδ1+, compared to
Vδ2 + T-cells15 but similar within several functionally distinc-
tive subsets of Vδ2 T-cells.16 Others reported differences in PD-
1 expression depending on CD27 and CD45RA status with
preferential expression in the effector-memory subsets.9 We
found a mean of 40% PD-1(+) on γδ T-cells in unstimulated
human peripheral blood (Figure 1(a)) while three earlier stu-
dies found lower fractions of PD-1(+) cells (< 10%)7,10,15 and
others reported higher values.5,9 As PD-1 expression appears as
a continuum, these differences might be explained by the use of
different cut-off levels for defining PD-1 positivity.

In direct comparison γδ T-cells from cryopreserved neo-
natal cord blood expressed more PD-1 compared to adult
PBMC. Additionally, treatment with Zol + IL-2 induced
higher and prolonged expression of PD-1 in neonatal com-
pared to adult γδ T-cells.7 Patients with common variable
immunodeficiency (CVID) have less Vδ2 T-cells but the
remaining cells express more PD-1.15 In cancer, higher
expression of PD-1 was described in γδ T-cells isolated from
neuroblastoma14 and colorectal cancer tissues17 as well as
multiple myeloma (MM) infiltrated BM.6 Daley et al. exam-
ined immune cell infiltration of pancreatic ductal adenocarci-
noma tissues in humans and found that γδ T-cells were highly
enriched compared to normal pancreas. These tumor infiltrat-
ing γδ T-cells were mostly Vγ9 negative and expressed ele-
vated levels of PD-1 and PD-L1.18 In contrast, a decreased
expression of PD-1 was found in γδ T-cells derived from
peripheral blood of AML patients in remission, compared to
healthy individuals.10 Recently, Zumwalde et al. connected in
vitro stimulation experiments and in vivo observations in a
humanized, immunodeficient mouse model. They found that
the relatively high PD-1 status of short-term cultured and the
lower PD-1 status of longer cultured γδ T-cells were main-
tained for at least 5 days after adoptive transfer in vivo.
Additional EBV infection caused B cell lymphoma in this
mouse model but did not re-induce PD-1 expression of adop-
tively transferred γδ T-cells.11

Functional aspects

Triggering immune suppressive effects via PD-1 signaling is
currently understood as an important tumor escape
mechanism.3 PD-1 is an inhibitory receptor and may function
to regulate early immune reaction, prevent off-target reactiv-
ity and over-activation in γδ T-cells.5

We found that blocking PD-1 signaling with Pembrolizumab
during activation with Zol and/or IL-2 did not result in a
relevant increase of immune cell proliferation, expression of
activation markers or release of IL-2 or TNF-α by PBMC
(Figures 2, 3 and S3). However, PD-1 blockade significantly
increased the cytoplasmic IFN-γ production of Zol stimulated
γδ T-cells (Figure 4). Others have demonstrated that neither
anti-PD-1 nor anti-PD-L1 antibodies changed the proliferative
response of γδ T-cells co-cultured with CD4+ CD25- αβ T-cells
and activated via anti-CD3 and anti-CD28 coated on culture
plates.12 Following stimulation with HM-BPP, PD-1(+) com-
pared to PD-1(-) γδ T-cells produced equal amounts of IFN-γ,
TNF-α and IL-13 but more IL-2. Blocking PD-1 signaling with
PD-L1 antibody did not change IL-2 production neither in PD-1
(+) nor in PD-1(-) γδ T-cells.5 TNF- α production and degra-
nulation of Vδ2 T-cells from cord blood, as well as from adult
PBMC, could be dose-dependently inhibited by PD-L1.7

Anergy to direct and indirect PAgs stimulation and
increased PD-1 expression of γδ T-cells have been described
in different types of cancer in vitro and in vivo but the func-
tional link is unclear.6,19,20 No differences in PD-1 expression
kinetics were found following HM-BPP stimulation between
healthy donors and breast cancer patients.5 Additionally, PD-
L1 blocking antibodies could only partially restore in vitro PAg
induced proliferation of anergic γδ T-cells from myeloma
patients. These γδ T-cells were thought to be good candidates
for strong PD-1/-L1 dependent suppression as they reside close
to PD-L1 expressing multiple myeloma cells in vivo.6

Significance of γδ T-cell related PD-1 signaling in cancer

In our study we observed that PD-1 signaling significantly mod-
ulates IFN-γ production by γδ T-cells in response to co-culturing
of PBMC with individual leukemia cell lines and primary AML
blasts (Figures 5 and 6). Prior sensitization of target cells or
activation of γδ T-cells is essential for IFN-γ production and
changes by PD-1 blockade were not found under unstimulated
conditions. These observations correspond well to the established
PD-1 receptor upregulation following direct or indirect PAg
stimulation of γδ T-cell. It is also in line with earlier reports on
γδ T-cells from the BM of MM patients, where PD-1 blocking
could enhance degranulation only with concomitant Zol
sensitization.6 However, some target cells like Daudi cells are
effective natural activators of γδ T-cells and do not need exogen-
ous direct or indirect PAgs. PD-L1 overexpression in these cell
lines inhibited IFN-γ production by co-cultured PD-1(+) γδ
T-cells, but not by PD-1(-) γδ T-cells. Inhibition could then be
reversed by treatment with PD-L1 blocking antibodies.5 In con-
trast, in our study we found that the endogenous expression
pattern of PD-1 ligands PD-L1 and PD-L2 on leukemia cells is
not influenced by Zol treatment and does not predict γδ T-cell
production of IFN-γ (Figure S4).
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In our experiments the increased IFN-γ production by γδ
T-cells due to PD-1 blockade was not accompanied by an
increase in specific cell dependent cytotoxicity against leuke-
mia (Figure 7 and S5). Similarly, Iwasaki et al. found only little
to no effect of PD-L1 blocking on the cytotoxic activity of PD-1
(+) γδ T-cells against both untreated and Zol treated Daudi cell.
This finding was reproduced in several Zol treated solid tumor
cell lines with heterogeneous expression of PD-L1.5 It is well
established that IFN-γ signaling is of major importance for
immunological tumor rejection via direct and indirect
mechanisms.21 Therefore, increasing production of this cyto-
kine by immune cells using PD-1 blockade or other strategies
may result in significant improvement of anti-tumor and anti-
lymphoma activity despite enhancement of cytotoxicity.

Interestingly, beside cytokine production and cell mediated
cytotoxicity, other immunological functions might be con-
nected to PD-1 signaling by γδ T-cells. We observed signifi-
cant inhibition of PD-1 expression by αβ T-cells due to Zol
stimulation which was preceded by an increase in PD-L1
positive γδ T-cells. This sequence might indicates the capabil-
ity of γδ T-cells to regulate αβ T-cells (Figure 1(a)). However,
it remains unclear if the observed effects are directly caused by
Zol, the cytokine milieu, or by modification of cellular inter-
actions. It would be interesting to investigate this in a future
studies as it could represent a useful anti-tumor mechanism
targeting anergic αβ T-cells in the tumor microenvironment.

Data from amouse model indicated that a specific subset of γδ
T-cells expresses PD-L1, has a pro-tumor function, and inhibits
infiltration by αβ T-cells via PD-1/PD-L1 signaling.18 An immu-
nosuppressive CD39+ γδ T-cells subset has also been described in
colorectal cancer patients. Such tissue infiltrating cells were pre-
dominantly Vδ1 γδ T-cells and expressed higher levels of PD-1
and PD-L1 compared to CD39+ γδ T-cells in normal tissues. In
this case, regulation might not be directly enabled by PD-1/-L1
interaction, as concomitant PD-1 blockade did not change the
measured parameters of immunosuppression.17 Finally, Peters
et al. described immunosuppressive effects of Vδ2 T-cells on αβ
T-cells which could be inhibited by anti-PD-L1 antibodies, but to
a lesser extent by anti-PD-1 antibodies.12

Conclusions

Taken together, stimulation with Zol and IL-2 induces immune
subset specific and time dependent changes in PD-1 and PD-L1
expression of PBMC in vitro. Targeting the PD-1 – PD-L1 axis
modulates IFN-γ production by γδ T-cells in response to indirect
PAg stimulation and certain hematological malignancies. The
cytotoxic capabilities of stimulated γδ T-cells against several
types of leukemia appear to be differently regulated and indepen-
dent from PD-1 – PD-L1 signaling.

We conclude that the influence of PD-1 signaling on cyto-
kine production and proliferation depends on the concomitant
stimulation or earlier priming of γδ T-cells. It is weak in naïve
γδ T-cells from peripheral blood of healthy adults receiving
strong TCR signals, for example with saturating doses of direct
and indirect PAgs. Especially with exogenous IL-2, PD-1 sig-
naling may be overruled and become negligible. However, PD-
1 might be important for anti-tumor functions of anergic or
differentiated γδ T-cells receiving lower degrees of stimulatory

signals. Such conditions may be found under immunosuppres-
sive conditions in the tumor microenvironment. We suggest
that PD-1 – PD-L1 signaling may significantly improve anti-
tumor functions of γδ T-cells under two conditions 1) the TCR
and IL-2 receptor activity is submaximal and 2) the PD-1
receptor is expressed, functional and engaged by its ligand.

Material and methods

Cell isolation and culture

All procedures were conducted in accordance with the
declaration of Helsinki from 1975. PBMC from healthy male
and female volunteers, between 20 and 60 years of age, were
isolated by density gradient centrifugation with Biocoll
(Biochrom, Darmstadt, Germany). Primary human leukemia
cells were isolated from heparinized peripheral blood or from
residual material of bone marrow (BM) biopsies from patients
recruited at our clinic. All patients gave prior written
informed consent. Primary leukemia cells were characterized
by microscopic morphology and flow cytometry. Following
isolation, the proportion of leukemic blast was > 90% of
nucleated cells in all samples. Cells were frozen in
Cellbanker media (AMS Biotechnology, Abingdon, UK)
according to the manufacturer instructions and stored in
liquid nitrogen. Cryopreserved cells were thawed 24–48 h
before their usage in the experiments as described. For mea-
suring effects of immune cell stimulation as well as for the
generation of effector cells, 2 × 105 PBMC were cultured in
microtiter 96 well plates (Greiner bio-one, Frickenhausen,
Germany) using standard medium consisting of RPMI 1640
supplemented with 10% fetal bovine serum, 2 mM
L-glutamine, and 1% penicillin+ streptomycin (all from
Biochrom). RPMI was “low endotoxin” grade and FCS con-
tained less than 3 EU/ml endotoxin. 100 U/mL IL-2 with or
without 1 µM Zol (both Novartis, Nuremberg, Germany) were
added on day 0 as indicated (+ IL-2 or Zol + IL-2). Cells were
harvested, washed and reseeded at 2 × 105 PBMC per well on
day 7 and day 9. Additional IL-2 (100 U/mL) was added on
day 7 and day 9 to the previously Zol + IL-2 and IL-2
stimulated cultures. The leukemia and lymphoma cell lines
KG-1, THP-1, K562 and HL-60 were obtained from the
German collection of microorganisms and cell culture
(DSMZ, Braunschweig, Germany) and cultured in standard
medium. The identity of the continuously cultured leukemia
cell lines was confirmed by flow cytometry and morphology.
Leukemia cell lines were also routinely monitored to exclude
mycoplasma infections. Cell counts and cell viability were
established using a hemocytometer and the trypan blue exclu-
sion method. Cell viability rate was > 92% in all experiments.

Flow cytometry

A FC500 flow cytometer was used for multicolor immunofluor-
escence, for intracellular staining, cytometric bead array and
cytotoxicity analysis. Cells were stained with appropriate combi-
nations of: anti-T-cell receptor αβ- fluorescein isothiocyanate
(FITC) [clone BW242/412] (Miltenyi Biotec, Bergisch
Gladbach, Germany), anti-T-cell receptor γδ-FITC [clone
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IMMU510], anti-CD3- r-Phycoerythrin-Texas Red (ECD)
[clone UCHT1] (Beckman Coulter, Brea, USA) and anti-
CD56- phycoerythrin-cyanine 5 (PC5) [clone N901] (Beckman
Coulter) monoclonal antibodies to identify the populations if
interest. Specific staining of phycoerythrin (PE)- conjugated
anti-PD-1 [clone EH12.2H7] (BioLegend, San Diego, USA),
anti-PD-L1 [clone MIH2] (Abcam, Cambridge, UK), anti-PD-
L2 [clone MIH14] (Abcam) antibodies, relative to appropriate
isotype control antibodies (Abcam), were expressed as the ratio
of antigen positive cells or as delta mean fluorescent intensity
(MFI) calculated by ΔMFI = MFI(target antigen) minus MFI
(control antibody). Staining with PE- conjugated anti-CD69
[clone TP1.55.3] (Beckman Coulter) and anti-HLA-DR [clone
AC122] (Miltenyi Biotec) antibodies was used to identify acti-
vated immune cells. Gating strategy for the data presented in
(Figures 1–3) is shown in the supplement (Figure S6). Low
endotoxin and azide free anti-PD-1 “Pembrolizumab” and
IgG4 isotype control antibody preparations for functional assays
were provided by MSD (Haar, Germany).

Degranulation and intracytoplasmic IFN-γ assay

PBMC were cultured with or without target cells (leukemia cell
lines irradiated with 14gy or primary leukemia cells) in 48 well
plates for 48h. Depending on the type of experiment 1 µM Zol,
or 1 µM Zol + 100 U/ml IL-2 as well as 1–10 µg/ml
Pembrolizumab or isotype antibody were added as indicatd.
Target cells were previously kept unstimulated or were sensitized
with 10 µM Zol for 48h. After culturing, cells were harvested,
washed, fixed and permeabilized using the Inside Stain kit and
stained with anti-IFN-γ-PE [clone 45–15] and anti-CD107a-
FITC [H4A3] (all from Miltenyi Biotec). Cells were additionally
stained for markers allowing identification of immune cell popu-
lations and discrimination of PD-1(+) and PD-1(-) cells by flow
cytometry. Semi quantitative data of IFN-γ or CD107a expres-
sion is presented either as unadjusted MFI or as relative values
following normalization to the MFIs of a control experiment
with the same PBMC donor using the formula MFI(IFN-γ/
CD107a)/MFI(control) *100. Gating strategy for the data pre-
sented in (Figures 4–6) is shown in the supplement (Figure S7).

Cytotoxicity assay

Cytotoxicity experiments were conducted in 96 well
V-bottom plates as co-culture at different ratios of effector
to target cells with Pembrolizumab or isotype control
antibody. Target cells were previously kept unstimulated
or were sensitized with 10 µM Zol for 48h and labeled
with carboxyfluorescein succinimidyl ester (CFSE)
(BioLegend). Effector cells were generated by Zol + IL-2
stimulation and culture of PBMC from different healthy
donors for 9–12 days (as described above) which con-
tained > 80% γδ T-cells. Following co-culture for 5 h,
cells were harvested, technical replicates were pooled, trea-
ted with TO-PRO-3 stain (Molecular Probes, Eugene,
USA) and evaluated by flow cytometry. Specific cell
mediated cytotoxicity is expressed as “specific lysis %”
and calculated by the formula: specific lysis % = [% TO-
PRO-3+ target cells in the respective effector to target

ratio – % TO-PRO-3+ target cells in target cell only cul-
ture]/[100 – % TO-PRO-3+ target cells in target cell only
culture]. Gating strategy for the data presented in Figure 7
is shown in the supplement (Figure S8).

Data and statistical analysis

Data was analyzed with CXP-analysis V2.2 (Beckman
Coulter), Excel 2013 (Microsoft, Redmond, USA) and
GraphPad Prism 7 (Graphpad Software, La Jolla, USA)
software. Data are depicted as mean ± standard error of
the mean (SEM). Levels of significance was calculated using
one-way or two-way ANOVA and Dunn´s or Bonferroni´s
multiple comparison post-hoc tests. P < .05 is considered
statistically significant.
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